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Abstract

Caltrans has begun utilizing composite materials in several bridge applications,
including girders and decks on new bridges, replacement decks and seismic retrofit of
columns on old bridges, and for general structural reinforcement. Formal procedures
for the evaluation and qualification of composite casings for seismic retrofit of bridge
columns were adopted in 1995 and are being applied by Caltrans to all structural
applications of composite materials. Environmental durability testing to ensure the
long-term integrity of composite structures is an integral part of the qualification
process. The Aerospace Corporation supported Caltrans in the development of quali-
fication requirements and test procedures, and conducted durability testing on candi-
date systems for the composite casings for seismic retrofit application. More
recently, Caltrans contracted with Aerospace to perform qualification durability test-
ing on composite materials used in the construction of the King’s Stormwater Bridge
and to conduct research activities related to the environmental durability of compos-
ites for infrastructure applications. Research areas included a field durability study
conducted at the Yolo Causeway to help define the field environment through
humidity, pH, and temperature sensors, and to compare durability in the field envi-
ronment with the results of the qualification test program. A shortcoming of the
qualification durability test program was the inability to make long-term (30-50 yr)
tensile strength projections from the relatively short-term (1.14 yr) laboratory expo-
sure data for those systems, chiefly E-glass-reinforced composites, that showed sus-
ceptibility in moist environments. Post-exposure tensile strength data from acceler-
ated exposures at an elevated temperature and significantly longer term (6.3 yr) labo-
ratory exposures under the qualification conditions were combined with the qualifi-
cation test data to develop expressions for making long-term tensile strength projec-
tions under service conditions.
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Note

The SEH 5 1/Tyfo® S E-glass/epoxy composite panels studied in this program were
submitted in 1996 to Caltrans for evaluation under the Seismic Retrofit of Bridge
Columns Program. At that time, the material was marketed by Hexcel-Fyfe under a
joint venture between Hexcel Corporation and Fyfe Company. The material is
currently marketed separately by Fyfe Co. as SEH 5 1/Tyfo® S and by Hexcel Corp.
as Hex 3R Wrap 107/Hex 3R Epoxy 300. Therefore, all data in this report for SEH
3 1/Tyfo® S also applies to Hex 3R Wrap 107/Hex 3R Epoxy 300.

All trademarks, service marks, and trade names are the property of their respective
owners.
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1. Durability of Composites for the King’s Stormwater Bridge

1.1 Introduction

The Kings Stormwater Bridge on State Route 86 near the Salton Sea was constructed using concrete-
filled carbon/epoxy tubes as girders and an E-glass/polyester/vinyl ester bridge deck. Specifications
for the girders and bridge deck, the results of load tests on the bridge, and the results of preliminary
durability testing on the girders and deck have been reported by the Division of Structural Engineer-
ing, University of California, San Diego (U CSD).I_4 Caltrans requested complete environmental
durability testing on the girder and bridge deck materials to be performed by The Aerospace Corpo-
ration followin% the test matrix and test procedures developed for the Seismic Retrofit of Bridge Col-
umns Program.

The carbon/epoxy girders were fabricated by Alliant Techsystems Incorporated (ATK), Bacchus
Works, Magna, Utah, by a wet filament winding process. Twelve thousand filament tows of Hex-
cel™ Corporation’s AS4D carbon fibers were used to reinforce EPON™ 826 epoxy resin with EPI-
CURE™ 9551 curing agent. EPON™ 826 and EPI-CURE™ 9551 are manufactured by Resolution
Performance Products, Houston, Texas. The lay-up, starting from the inner wall surface, is one layer
of carbon fiber fabric/90,/+10/902/+102/902/+102/90,/+10/903. Each 90° hoop layer is 0.010 in. (0.25
mm) thick, and each set of +10° helical plies is 0.040 in. (1.02 mm) thick. Thus, the tubes have a
total hoop reinforcement thickness of 0.11 in. (2.79 mm) and a total helical reinforcement thickness
of 0.24 in. (6.10 mm). The total wall thickness, including the inner fabric layer, is 0.43 in. (0.89 cm).
The carbon/epoxy girders are 32 ft (9.75 m) long and have an inside diameter of 13.5 in. (34.3 cm).
They are filled with concrete during the bridge construction process.

The bridge deck materials were fabricated by Martin Marietta Composites, Incorporated (MMC),
Raleigh, North Carolina. The deck, MMC’s Duraspan™ 766 modular design, is constructed from
interlocking dual-cell sections of pultruded E-glass/Isophthalic polyester composite. Short pieces of a
pair of typical pultruded sections are shown in Figure 1.1. The deck sections are reinforced with

Figure 1.1. Photograph of MMC pultruded bridge deck sections.




E-glass tows, mats, and fabrics that are supplied by Johnson Industries, BTI. Isophthalic polyester
resin (Aropol 7334T-15), supplied by Ashland Chemicals, is the composite matrix. In the pultrusion
process, the fiberglass is wetted with polyester resin and pulled through heated dies, which compact
and cure the reinforced resin into the precise bridge deck cross section. Deck sections are assembled
by bonding the pultruded sections together using a structural urethane adhesive.

For the Kings Stormwater Bridge, the deck was further reinforced by E-glass/epoxy vinyl ester panels
that were applied to the upper and lower surfaces of the assembled deck. The flat panels were fabri-
cated by hand lay-up procedures using three plies of a triaxial fabric that was also used for the pul-
truded deck sections. Each layer of fabric has a [0(50%)/+45(50%)] lay-up. The overall orientation
of the plies in the panels is [(0/£45)/(90/+45)/(0/£45)]. The vinyl ester resin was DERAKANE 411-
370 manufactured by Dow Chemical Company. The panels were laid up on the assembled deck using
wet lay-up procedures with the 0° direction of the panels coincident with the pultrusion direction and
with 0° sides of the panels facing outward. Reinhold Industries’ ATPRIME-2 urethane primer was
applied to the deck surface prior to the lamination to enhance bonding between the E-
glass/Isophthalic polyester deck and E-glass/epoxy vinyl ester reinforcement panels.

The original test plan was to perform environmental durability testing on the carbon/epoxy girder
material, the E-glass/Isophthalic polyester pultrusion material, the E-glass/epoxy vinyl ester panels,
and the bond between the reinforcement panels and bridge deck. However, Caltrans determined that
the reinforcement panels carry significantly higher loads than the pultruded material. Therefore, the
pultruded material was omitted from the durability test matrix.

Environmental exposures included 100% humidity at 38°C (100°F), immersion in salt water, immer-
sion in an alkali solution, alternating ultraviolet light/condensation, dry heat at 60°C (140°F), a
freeze/thaw test, and immersion in diesel fuel. The effects of the environmental exposures were
quantified by measurements of the composite panel mass, tensile modulus, tensile strength, tensile
failure strain, interlaminar shear strength, and glass-transition temperature. Lap shear strength meas-
urements were made on bonded assemblies of the pultruded deck and reinforcement panels to deter-
mine the environmental resistance of the adhesive bond. Property measurements were made after
exposure intervals of 1,000, 3,000, and 10,000 h (41.7, 125, and 417 days) to allow estimates of deg-
radation over the projected service life.

1.2 Experimental Procedures

1.2.1 Environmental Exposures

The test matrix of environmental durability exposure conditions required by Caltrans is given in
Table 1.1. The carbon/epoxy girder material and E-glass/vinyl ester deck material were subjected to
these environmental exposures for the times or numbers of cycles indicated. Each composite panel or
bonded assembly was subjected to one exposure condition. Thus, the individual effects of each expo-
sure condition were evaluated. Synergism between the different exposures was not evaluated except
as indicated in the ultraviolet/condensation and freeze/thaw exposures. Natural or climatic exposures
include: water resistance, salt water resistance, weathering resistance, and a cyclic freeze/thaw test.
Additional exposures include four hours in diesel fuel to evaluate the effects of a fuel spill following a
vehicular accident and an alkali solution exposure to evaluate long-term compatibility between con-



crete and the composite systems. The bonded assemblies were not subjected to the UV/condensation
or diesel fuel exposures since the adhesive is not exposed to direct sunlight or short-term fuel spills.

For water resistance, 100% humidity at 38°C (100°F) was selected as an accelerated test. This expo-
sure is considered more severe than an immersion test at ambient temperature because the elevated
temperature increases water absorption and chemical reaction rates, and the high-humidity exposure
allows for atmospheric reactions that would not occur in an 1mmer31on test. The humidity exposure
was performed following the procedures of ASTM D 22475 The composite panels were mounted on
racks in the humidity chamber and held in a vertical position. The humidity chamber was set up to
provide condensation on the panel surfaces.

An immersion test was selected for salt water resistance to test the effects of prolonged immersion in
ocean water. Substitute ocean water prepared following ASTM D 1 1417 was used for the salt water
resistance exposure. The composite panels were immersed in 10 liters of substitute ocean water that
was maintained in a 36-liter, closed polypropylene container having the approximate inside dimen-
sions of 20 X 14 x 6 in. (50 X 35 x 15 cm). All test panels for a given composite system were exposed
in a single container, but separate containers were used for different systems. The test panels rested
on the bottom of the containers in a horizontal position with adequate gaps between panels to main-
tain chemical equilibrium throughout the liquid bath.

The 60°C (140°F) exposure was selected as the maximum exposure temperature anticipated in serv-
ice. At the elevated temperature, it was anticipated that any degradation would occur rapidly. There-
fore, the maximum exposure time was limited to 3,000 h (125 days). The exposure was carried out
following ASTM D 3045° with the panels resting on horizontal racks in a forced-draft circulating air
furnace. All composite systems were exposed in the same furnace with a separate rack for each sys-
tem.

A standard ultraviolet (UV) resistance test (ASTM G539) was used to simulate weathering effects with
alternating exposures to UV and condensing humidity. One side of the composite panels was exposed
to cyclic exposures of fluorescent UV light at 60°C (140°F) for 4 h followed by water condensation at
40°C (104°F) for 4 h. Total exposure was for 100 cycles, corresponding to 400-h exposures to UV

Table 1.1. Environmental Durability Test Matrix

Environmental
Durability Test Test Conditions Test Duration
Water Resistance 100% Humidity At 38°C 1,000, 3,000, & 10,000 h
Salt Water Resistance Immersion At 23°C 1,000, 3,000, & 10,000 h
Alkali Resistance Immersion In CaCO, 1,000, 3,000, & 10,000 h
pH =9.5 & 23°C
Dry Heat Resistance Furnace At 60°C 1,000 & 3,000 h
Fuel Resistance Immersion At 23°C 4h
Weathering Resistance Cycle Between UV At 60°C & 4 h per Condition,
Condensate At 40°C 100 Cycles
Freeze/Thaw Resistance |Cycle Between 100% Humidity At |24 h per Cycle, 20 Cycles
38°C & Freezer At-18°C




light and to condensation. This test was intended to simulate the deterioration caused by water as rain
or dew and the UV energy in sunlight.

The freeze/thaw test was developed to determine the effects on the composite systems of freezing
following significant water absorption. The panels were maintained in the humidity chamber at 100%
humidity and 38°C (100°F) for a minimum of two weeks prior to the initial exposure to the freezer at
—18°C (0°F). Typically, the panels were placed in the freezer at the beginning of the workday and
returned to the humidity chamber at the end of the day. Thus, each 24-h cycle included approxi-
mately 9 h in the freezer and 15 h in the humidity chamber. It was anticipated that any effects of the
freeze-thaw exposure would become apparent after a few cycles, and the test was performed for only
20 cycles. However, it was recognized that the effects could become more pronounced with addi-
tional cycling. Therefore, allowance was made to perform additional freeze/thaw cycles on any com-
posite systems showing susceptibility to this exposure.

The alkali resistance test was performed to determine any effect on composite overwraps from the
high alkalinity of concrete columns. This is an important test because it is well known that unpro-
10,11 . =12 : . :
tected glass fibers and many organic resins ~ are severely degraded in alkaline solutions. A satu-
rated solution of calcium carbonate, CaCO3, in water having a pH of 9.5 was selected for this expo-
sure. The selection was originally made for the seismic retrofit of bridge columns application in
which columns requiring retrofit are at least 20 years old. Concrete reacts with the atmosphere to
form CaCO3, and it was anticipated that this would be the appropriate alkaline solution exposure for
that application. However, for the King’s Stormwater Channel Bridge application, the carbon/epoxy
girders are filled with fresh concrete, which has a much higher alkalinity (pH = 14)."* Therefore, a
higher pH exposure may have been more appropriate for the carbon/epoxy composite system. Cal-
trans directed Aerospace to use the standard procedure that was developed for the seismic retrofit
application in order to allow comparisons with the database established from the earlier program.
However, UCSD performed additional alkali resistance testing at a higher pH level.* The alkaline
and diesel fuel exposures were performed in the same type of container and followed the same
immersion procedures as described above for the salt water resistance exposure.

The exposure panels were approximately 12 X 12 in. (30 X 30 cm) and had thicknesses that ranged
from approximately 0.07 in. (1.8 mm) for the carbon/epoxy system to 0.40 in. (1.0 cm) for the E-
glass/vinyl ester reinforcement panels. The bridge composite components have minimal exposure of
edges to the environment. Therefore, edge protection was allowed along all four edges of the expo-
sure panels. The edges of all carbon/epoxy test articles were sealed with EPON™ 826/EPI-CURE™
9551 by ATK. The edges of the Martin Marietta Composites bridge deck test articles were sealed
with a polyester resin by Aerospace personnel. Although protective coatings were applied to all
composite components on the Kings Stormwater Bridge, durability testing was performed on bare,
unprotected panels. A single panel was exposed to each environmental condition for each required
duration. Thus, a total of 14 panels were required for the environmental durability test matrix. An
additional four panels were required for establishing baseline material properties. For the adhesive
durability study, 12 exposure bonded assemblies and four control assemblies were required.



1:2.2 Carbon/Epoxy Girder Composite System

ATK fabricated flat panels and cylinders of the AS4D-12K/EPON™ 826-EPI-CURE™ 9551 car-
bon/epoxy system for durability testing. The flat panels had a unidirectional lay-up and were fabri-
cated by wet-filament winding around a special mandrel designed to produce 12.5-in. long by 30-in.
wide panels. Four layers of resin-impregnated fiber were wound around the mandrel giving a panel
thickness of 0.057-0.077 in. (1.5-1.9 mm). After winding, the panels were oven cured and then
removed from the mandrel. Each 30-in.-wide panel was machined into three 10-in.-wide panels,
which were identified by their location on the mandrel, AFT, MID, or FWD. ATK supplied 23 of the
12.5 by 10 in. panels, which were machined from eight of the larger, wound panels, to Aerospace for
durability testing. The flat panels were used for determining the effects of the environmental expo-
sures on tensile properties, hardness, matrix glass-transition temperature, and moisture content.

For interlaminar shear strength tests, ATK cut 3-in. long by 3-in. wide ring segments from filament-
wound shells that were fabricated for testing at UCSD. The shells had an internal diameter of 13.5
in., a thickness of approximately 0.425 in, and a length of 32 ft, with an additional 12-in. length at the
end for material characterization. The ring segments were prepared from this 12-in. test section. The
shells had the same lay-up as that given above for the carbon/epoxy girders. ATK supplied 39 ring
segments, 26 from one shell and 13 from a second shell.

Photographs of typical flat panels and ring segments are shown in Figure 1.2. The panel surface that
was in contact with the mandrel was very smooth and had a lined appearance showing the fiber direc-
tion of the inner ply. This is demonstrated by the larger panel in the figure. The outer surface, shown
by the smaller panel in the photograph, had a very rough, resin-rich surface from a fabric peel-ply that
was removed after the panels were cured. The ring segments also had a rough surface on the outside
diameter from a peel-ply. The ring segments had a very smooth inner surface as demonstrated by
three short-beam shear strength (SBSS) samples shown in the figure. The SBSS samples also show
the fabric layer that was applied on the inner surface of the shells.

The identification numbers supplied by ATK for the individual panel and ring segments used in the
durability tests are given in Table 1.2. Aerospace used shortened versions of the ATK identification

iy

Smooth Panel Surface
Contacting Mandrel

-

Outer Rough
Panel Surface

Outside Surface
Of Ring Segment

Figure 1.2. Photograph of ATK flat panels and ring segments.
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Table 1.2. Identification Numbers of ATK Panels and Ring Segments

ATK Identification Lyovnis ol
Environmental Exposure Flat Panels Rings | Flat Panels | Rings

Control USU-FP-01-2-MID 1-5 A01-2M A1-5

Control USU-FP-01-4-FWD 1-15 AO01-4F A1-15

Control USU-FP-03-2-AFT 1-12 A03-2A A1-12

Control USU-FP-03-3-MID 1-18 A03-3M A1-18
100% Humidity/38°C

1,000 h USU-FP-01-1-FWD 1-1 A01-1F A1-1

3,000 h USU-FP-01-1-MID 1-2 A01-1M A1-2

10,000 h USU-FP-01-1-AFT 1-3 A01-1A A1-3
Salt Water

1,000 h USU-FP-01-3-FWD 1-6 A01-3F A1-6

3,000 h USU-FP-01-3-MID 1-7 A01-3M A1-7

10,000 h USU-FP-01-3-AFT 1-8 A01-3A A1-8
pH 9.5 CaCO; Solution

1,000 h USU-FP-03-1-AFT 1-9 A03-1A A1-9

3,000 h USU-FP-03-1-FWD 1-10 A03-1F A1-10

10,000 h USU-FP-03-1-MID 1-11 A03-1M A1-11
Dry Heat at 60°C

1,000 h USU-FP-01-4-MID 1-13 A01-4M A1-13

3,000 h USU-FP-01-4-AFT 1-14 A01-4A A1-14
20 Freeze/Thaw Cycles USU-FP-01-2-FWD 1-4 A01-2F A1-4
UV/Condensation, 100 Cycles | USU-FP-03-2-MID 1-17 A03-2M A1-17
Diesel Fuel, 4 h USU-FP-01-2-AFT 1-16 A01-2A A1-16

numbers preceded by the letter A to indicate that the materials were from ATK. The environmental
exposures were started on April 19, 2000 and were completed on June 9, 2001.

123 E-glass/Epoxy Vinyl Ester Bridge Deck Composite System

MMC provided 15 pieces of DuraspanTM 766 pultruded deck sections approximately 15 in. (38 cm)
long in July 2000. The pultrusions were fabricated by Glasforms, Incorporated, San Jose, CA, to
MMC specifications. Glasforms is the vendor that pultruded the deck sections for the Kings Storm-
water Bridge. Five of these deck sections were cut up by Aerospace personnel to separate the upper
and lower deck surfaces from the internal web and interlocking surfaces. The ten 15 x 8 in. (38 X 20
cm) deck surfaces were sent to ACME Fiberglass, Incorporated, Hayward, CA, for fabrication of the
bonded assemblies required for the adhesive durability study. The hand lay-up E-glass/epoxy vinyl
ester reinforcement was applied to the deck surface panels using the same procedures used for the
Kings Stormwater Bridge. ACME Composites also provided twenty-four 12 X 12 in. (30 x 30 cm)
flat panels of the hand lay-up composite for durability testing. The test articles were received in April
2002.




A photograph of an as-received bonded assembly and two lap shear strength samples is shown in Fig-
ure 1.3. Each bonded assembly was cut into two 7.5-in.-long pieces, and all four edges were sealed.
The resulting pieces for durability exposures were labeled 1A, 1B, 1C, 1D, 2A, 2B, 2C, 2D, 3A, 3B,
3C, 3D, 4A, 4B, 4C, 4D, 5A, 5B, 5C, and 5D. The pieces were identified by the pultruded sections
(numbered 1 through 5) from which they originated. For example, Pieces 1A and 1B were cut from
one bonded assembly that was fabricated using a surface panel from Pultruded Section No. 1 and
Pieces 1C and 1D were cut from the other surface panel from Pultruded Section No. 1. Lap shear
strength samples were machined from the bonded assemblies following the environmental exposures.
Details of the LSS samples are given in Subsection 1.2.4.

The orientation of the E-glass/epoxy vinyl ester panels was not marked on the as-received panels.
Therefore, an area on one edge of each panel was lightly sanded such that the fabric orientation could
be determined. The 0° direction, the direction in which post-exposure tensile properties would be
measured, was marked for each panel. There were no identification markings on the as-received pan-
els, and 18 panels were selected at random for the durability study. All four edges on the panels were
sealed prior to exposure.

The identification numbers for the panels and bonded assemblies used in the durability tests are given
in Table 1.3. The environmental exposures for the composite panels and bonded assemblies were
started on May 8, 2002. The 10,000-h exposures were completed on June 29, 2003 for the composite
panels. Caltrans and Aerospace agreed to expose the bonded assemblies past the normal 10,000-h
exposure period and to conduct interim tests at different time intervals. The bonded assemblies were
tested after 2,000- and 5,000-h interim exposures. The humidity, salt water, and alkali solution expo-
sures were terminated on November 17, 2003 after 12,910-h exposures.

Lap Shear Strength
Samples

Figure 1.3. Photograph of MMC bonded assembly and LSS samples.




Table 1.3. Identification Numbers of MMC Panels and Bonded Assemblies

Aerospace ldentification
Bonded

Environmental Exposure Flat Panels Assemblies

Control MMHW-C1 MMBA-4B

Control MMHW-C3 MMBA-1D

Control MMHW-C4 MMBA-5B

Control MMHW-C5 MMBA-3D
100% Humidity/38°C

1,000 or 2,000 h MMHW-H1K MMBA-1C

3,000 or 5,000 h MMHW-H3K MMBA-1A

10,000 or 12,910 h MMHW-H10K MMBA-1B
Salt Water

1,000 or 2,000 h MMHW-SW1K MMBA-2C

3,000 or 5,000 h MMHW-SW3K MMBA-2A

10,000 or 12,910 h MMHW-SW10K MMBA-2B
pH 9.5 CaCO; Solution

1,000 or 2,000 h MMHW-A1K MMBA-3C

3,000 or 5,000 h MMHW-A3K MMBA-3A

10,000 or 12,910 h MMHW-A10K MMBA-3B
Dry Heat at 60°C

1,000 or 2,000 h MMHW-140-1K MMBA-2D

3,000 or 5,000 h MMHW-140-3K MMBA-5A
20 Freeze/Thaw Cycles MMHW-F/T MMBA-4A
UV/Condensation, 100 Cycles MMHW-DF
Diesel Fuel, 4 h MMHW-UV

1.24 Material Property Measurements

The effects of the environmental exposures on the composite materials were determined from meas-
urements of tensile properties (Young’s modulus, ultimate tensile strength, and strain to failure),
interlaminar shear strength, and Shore D hardness of the composite and glass-transition temperature
(Tg) of the resin matrix. Optical microscopy was also performed on polished cross sections of
selected panels.

Property measurements on exposed panels were compared to baseline values determined for four
unexposed panels for each composite system. Multiple panels were used for characterizing baseline
properties in order to quantify panel-to-panel variations. Otherwise, misinterpretation of the effects
of the environmental exposures on material properties could result. One control panel was tested
along with each of the three exposure periods (1,000, 3,000, or 10,000 h), and the fourth control panel
was tested before the exposures were initiated. By following this procedure, any effects of time after
processing on properties could be monitored. It also served as a check to ensure that accurate prop-
erty measurements were made on the exposure panels. It is important to note that the environmental
durability of each system is being evaluated based upon a comparison with the baseline properties for
that system.



Mass measurements were made on each panel before and after the environmental exposures and peri-
odically throughout the 10,000-h (417-day) exposures. The primary purpose of these measurements
was to monitor moisture absorption during the humidity, salt water, alkali solution, freeze/thaw,
ultraviolet/condensation exposures, and moisture dry-out from the oven exposure. These measure-
ments are very important for determining the time to reach equilibrium in each environment for
establishing any relationship between moisture content and property changes, and for predicting long-
term effects.

Following exposure, the composite panels were sectioned using a water-cooled diamond cut-off
wheel to give a 10 X 6 in. (25.4 X 15.2 cm) area for the preparation of five tensile samples and a 0.5-
in. (1.3 cm) wide strip for one Tg sample. The area for tensile samples was cut out with the length
parallel to the 0° direction of the composite lay-ups. Approximately 50% of the panel area remained
in case additional tests were required. Six SBSS samples 2.0 in. (5.1 cm) long by 0.25 in. (0.64 cm)
wide were cut from the carbon/epoxy ring segments. The SBSS samples were cut with the length
parallel to the hoop direction of the ring segments. All property tests were performed within seven
days after the panels were removed from the exposure environments. Maintaining this schedule was
particularly important for panels exposed to the various moisture absorption environments in order to
minimize moisture dry-out prior to testing. All panels were maintained in sealed plastic bags to
minimize moisture dry-out rates.

Uniaxial tensile tests were performed using stra1ght-sxded tabbed samples following sample prepara-
tion and test procedures specified in ASTM D 3039." G10 fiberglass/epoxy grip tabs 0.063 in. (0.16
cm) thick and 2.0 in. (5.1-cm) long with a 7° taper were bonded across both ends on each side of the
panel section for tensile samples. The grip tabs were bonded using Loctite Aerospace Hysol EA 9394
adhesive for the carbon/epoxy panels and Hysol EA9359.3 for the E-glass/vinyl ester panels. Both
adhesive systems were cured at ambient temperature. The adhesive was allowed to cure for a mini-
mum of two days before five tensile samples were cut from the tabbed panel section using a water-
cooled diamond cut-off wheel. The tensile samples were 0.5 in. (1.3 cm) wide for the carbon/epoxy
system and 1.0 in. (2.5 cm) the E-glass/epoxy vinyl ester system. Wider samples were required for
the latter system because of the multi-oriented fabric lay-up. The grip tabs were allowed to cure a
minimum of five days prior to tensile testing. Tensile testing was performed using an Instron Univer-
sal Testing Machine having wedge grips. Strain was measured throughout the test using a 2.0-in.
(5.1-cm) gage length, clip-on extensometer. Samples were loaded to failure at alconstant crosshead
rate of 0.2 in./min (0.51 cm/min), giving an approximate strain rate of 0.0017 s~ . Load and strain
were recorded with a strip chart recorder and a computer data acquisition system. Young’s modulus
was calculated by a least-squares analysis of the stress-strain curve over the strain range from 0 to
0.50%.

Hardness measurements were made on each composite panel using a Shore D durometer. A total of
six measurements were made on each panel. All hardness measurements were made on the smooth,
mandrel side of the panels for both composite systems. The average and standard deviation for the
siXx measurements were reported.

Apparent interlaminar shear strength measurements were made by the short-beam shear method fol-
lowing ASTM D 2344."° SBSS is determined by subjecting short beams of the composite material to
three-point bending conditions that induce an interlaminar shear failure. ASTM D 2344 recommends



support span/composite thickness ratios of 4:1 and length/thickness ratios of 6:1 for carbon fiber-
reinforced composites. The thickness of the ring segments varied from 0.41 to 0.44 in. (1.0 to 1.1
cm), and the support span was set at 1.39 in. (3.53 cm). Therefore, the support span/thickness ratio
was approximately 3.3:1, and the length/thickness ratio was approximately 4.7:1. The ASTM-
recommended diameters for the support pins and nose pin of 0.125 in. (0.32 cm) and 0.25 in. (0.64
cm), respectively, were used. It was concluded from preliminary testing that interlaminar shear fail-
ures could not be induced in the E-glass/epoxy vinyl ester panels by the SBSS method. Thus, SBSS
testing was not performed on this system. However, if severe reductions in interlaminar shear
strength of the composite were an issue, it would be determined from the adhesive lap shear strength
tests that were conducted for the bridge deck materials.

For the preparation of single lap shear samples, the Martin Marietta Composites bonded assemblies
were cut parallel to the pultrusion direction with the diamond cut-off wheel into five 6 x 1.0 in. (15 x
2.5 cm) strips. The pultruded panel and hand lay-up panels were cut along locations A and B as shown
in Figure 1.4 to form the lap shear area. Thus, the lap shear samples had a 0.5 in. (1.3 cm) long single-
lap configuration. Two lap shear samples were shown above in Figure 1.3. The lap shear testing was
performed in an Instron Universal Testing Machine at a crosshead rate of 0.1 in./min (0.25 cm/min).

Pultrusion & hand-lay-up
composite laminates
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Figure 1.4. Drawing for preparation of single lap shear samples from bonded composite panel assemblies.
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Tg of the composite matrix was determined using a Rheometrics Dynamic Mechanical Analyzer
(DMA). The Rheometrics DMA subjects a 2.0 x 0.5 in. (5.1 X 1.3 cm) sample to cyclic torsional
deformations and quantifies the material response by measuring the shear modulus, G’, the shear loss
modulus, G”, and the lag angle between the applied stress and resulting strain, tan §, as functions of
temperature. Plots of any of these three parameters versus temperature can be used to determine Tg.
In this program, the G” curve was used because it usually gives a sharp peak at the transition, making
it easier to determine T, than for the tan § or G’ curves.

Cross sections perpendicular to the in-plane 0° and 90° directions were mounted and polished for one
control panel and for the weatherometer, freeze/thaw, and 10,000-h humidity, alkali, and salt water
exposure panels for both composite systems. Cross sections of the bonded assemblies were prepared
for one control assembly and for the freeze/thaw exposure. Optical microscopy was performed using
a Wild Heerbrugg M400 macrocamera for magnifications up to 30x and a Nikon<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>